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Abstract 
The chemical characteristics and phytoplankton biomass (measured as chlorophyll-a con- 
centrations) ofseven lakes and one reservoir n the Ethiopian rift-valley were studied uring 
the wet and dry seasons between 1990 and 2000. Mean concentrations of three major plant 
nutrients (nitrate-nitrogen, soluble reactive phosphorus, and silicate) increased uring the 
wet seasons in four of the seven lakes, presumably as a result of mixing events and input 
from runoff. The changes in the major nutrient concentrations i  the rest of the lakes were 
variable, but concentrations were usually higher during the dry seasons, most likely as a re- 
sponse to temporal variation in the phytoplankton biomass, pH measurements of the lakes 
did not show marked ifferences between the wet and dry seasons. Salinity (measured as 
conductivity) and total ions seemed to increase during the wet seasons in some of the lakes, 
possibly as a result of inflows that might carry high concentrations of solutes due to the 
heavy rains. Chlorophyll-a concentrations were higher during the dry seasons in most lakes 
except in three relatively more productive lakes. The results uggest that here could be light 
limitation in some of the Ethiopian rift-valley lakes, and events associated with the wet and 
dry seasons could bring about contrasting changes in nutrient levels and phytoplankton 
biomass in lakes, depending on the physical characteristics of the lakes. 
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light limitation 
Introduction 
Factors that regulate seasonal changes in nutrient dy- 
namics and phytoplankton biomass in tropical aquatic 
systems, where seasonal variation in temperature is low, 
are not the same as those in the temperate systems. In 
tropical systems the alternation of wet (rainy) and dry 
seasons may dictate seasonal variation in net water input 
and water loss, which may lead to changes in solute con- 
centrations (TALLING & LEMOALLE 1998). Moreover, 
rains may affect the phytoplankton biomass through 
their effects on other limnological variables like mixing, 
light and temperature r gimes, etc. (ZINABU • TAYLOR 
1989). 
Limnological studies on the Ethiopian rift-valley 
lakes have frequently been done by short-term visitors 
who did not make repeated visits to the lakes or did not 
maintain short interval samplings of the lakes (WOOD & 
TALLING 1988) and thus not many seasonal studies have 
been made. The seasonal studies that were carried out in 
the 1980's focused on relatively few lakes (WODAJO & 
BELAY 1984; KEBEDE ~; BELAY 1994; TILAHUN 1988; 
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ZINABU & TAYLOR 1989; KIFLE ~: BELAY 1990), and the 
time span of the studies did not go much over 12 months, 
making information still incomplete. Because of various 
local fluctuations in climate from year to year, analyses 
of seasonal studies hould extend several years (WETzEL 
2001). Therefore, repeated seasonal studies concurrently 
carried out in many lakes over an extended period of 
time would be more informative than short-term studies 
in one or two lakes. Since seasonality in Ethiopia is 
dominated by the alternation of wet and dry seasons 
(Wood & TALLINO 1988), systematic studies of the ef- 
fects of wet and dry seasons on Ethiopian lakes based on 
long-term sampling during the wet and dry seasons are 
needed, and such studies will contribute to our knowl- 
edge of seasonality in tropical akes. The objective of 
this study was to examine how the wet and dry seasons 
influence the chemistry and chlorophyll-a concentra- 
tions (phytoplankton biomass) of Ethiopian rift-valley 
lakes. 
Description of the Study Area 
A map and morphometric features of the Ethiopian rift- 
valley lakes included in this study are given in Fig. 1 
and Table 1, respectively. The lakes lie within the 
Ethiopian rift-valley running NNE through the middle 
of the country at altitudes between 1200 and 1680 m. 
These lakes exhibit a wide range of salinity, and bicar- 
bonate/carbonate r  the major anions and sodium is the 
dominant cation - a common feature of the East African 
lakes (TALLING & TALLING 1965; VON DAMM & ED- 
MOND 1984; WOOD & TALLINO 1988). TELFORD (1998) 
speculates that a possible xplanation for the high con- 
centrations of bicarbonate/carbonate in hese lakes is 
the inflow of sodium bicarbonate rich groundwater de- 
rived from the dissolution of silicate minerals and glass 
by carbonic acid, formed from the solution of carbon 
dioxide. The proportions of maj or cations in these lakes 
are Na > K > Ca > Mg unlike most of the lakes and 
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Fig. 1. Location and drainage pattern of lakes in the 
Ethiopian rift-valley (from KEBEDE et al. 1994). 
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Table 1. Altitude and morphometric features of the Ethiopian rift-valley lakes included in this study. The table is reproduced from KEBEDE et al. 
(1994) and WOOD • TALLING (1988). Lakes that lack visible outlets are indicated by asterisks (*). 
Lake Altitude Surface area Max. depth Mean depth Volume Catchment area 
(m) (km 2) (m) (m) (km 3) (km 2) 
Koka 1660 200 . . . .  
Zwai 1636 442 7 2.5 1.6 7025 
Abijata* 1578 176 14.2 7.6 1.1 1630 
Langano 1582 241 48 17 5.3 1600 
Shalla* 1558 329 266 87 36.7 3920 
Awassa* 1680 90 22 11 1.34 1250 
Abaya 1285 1162 13.1 7.1 8.2 17300 
Chamo* 1233 551 13 - - 2210 
rivers in the temperate r gion where the relationships 
are Ca > Mg > Na > K (TUDORANCEA et al. 1999; WET- 
ZEL 2001). Closed drainage basin, a major feature 
among several of these lakes (see Table 1), plays an im- 
portant role in ionic composition and salinity, especially 
in the shallow basins (I~BEDE et al. 1994). Rivers and 
streams arising in the highlands feed most of these 
lakes, and the most dilute waters (waters of very low 
ionic content hence electrical conductivity) may be 
found in these rivers and streams (HARRISON & HYNES 
1988). Since the water in the rivers is flowing, there is 
much less time available for accumulation fdissolved 
substances than there is in the lakes, and the rivers are 
generally less saline than the lakes in the same vicinity 
(TALLING ~; LEMOALLE 1998). However, the addition of 
saline thermal waters that obtain the solutes from the 
rocks through which they pass, may sometimes lead to 
higher concentrations of solutes in the rivers (TELFORD 
1998). 
The climate of the rift-valley region is dry sub-humid 
with distinct wet and dry seasons, and lower altitudes in 
the region experience r duced precipitation and elevated 
evaporation (MAKIN et al. 1975; GAMACHU 1977; GASSE 
et al. 1980). These lakes are, therefore, situated in a re- 
gion of high rainfall deficit with evapotranspiration ex- 
ceeding precipitation, and the balance between rainfall 
and evaporation i fluences the hydrologic regime of the 
lakes (TUDORANCEA et al. 1999 and references cited 
therein). Evapotranspiration values exceeding 1600 mm 
are found in most of the rift-valley (MAKIN et al. 1975), 
and they could be as high as 3000 mm in the southern 
part of the rift-valley (GASSE et al. 1980). Due to the fact 
that the evapotranspiration exceeds the rainfall in the 
Ethiopian rift-valley area, the drainage basins in this re- 
gion may suffer seasonal or annual water deficit. The ef- 
fect of such water deficit is that many of the lakes have 
no outflow and all are concentrated relative to their in- 
flows. In a nutshell, direct precipitation, water inflow, 
evapotranspiration, a d water deficit are the main pro- 
cesses in the hydrological budget of the lakes in the 
Ethiopian rift-valley (TELFORD 1998). More detailed e- 
scriptions and hydrology of the lakes are given in WOOD 
& TALLING (1988). 
Materials and Methods 
Surface water samples were collected from seven 
Ethiopian rift-valley lakes - Zwai, Abijata, Shalla, 
Langano, Awassa, Abaya, Chamo and the Koka Reser- 
voir - during the wet and dry seasons between 1990 and 
2000. Samples were collected at least wice a year from 
Lakes Abijata, Awassa, Abaya and Chamo, and at least 
twice every other year from the rest of the lakes making 
sure that samples were taken in different seasons of the 
year. Analyses of major ion concentrations were carried 
out on samples collected from all lakes at least wice a 
year every alternate year during 1991 to 2000, except for 
samples from Lakes Awassa nd Shalla whose ionic con- 
centrations were measured less regularly. Surface water 
samples from all the lakes were taken at offshore sta- 
tions (usually about he center of the lakes), using acid- 
washed 2-L polyethylene bottles. Whenever samples 
were collected from inflows (rivers), a sample for each 
inflow was taken from the deepest location close to the 
site where the inflow enters the lake. Samples were 
transported tothe laboratory in dark boxes containing 
lake water that maintained the temperature of the sam- 
ples close to that in situ. Samples were filtered through 
Whatman GF/C glass-fiber filters within 2 to 8 hr of 
sampling and stored in polyethylene bottles at tempera- 
tures close to 4 °C for nutrient analyses. Nutrient analy- 
ses of filtered samples were done within 48 to 72 hr of 
sample collection. 
Conductivity and pH were usually measured in the 
field with the exception of samples for Lakes Abaya and 
Chamo, for which measurements were made in the labo- 
ratory within eight o ten hours of sample collection. A
YSI model 33 S-C-T conductivity meter and a 3311 
probe were used to measure conductivity, and all values 
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were corrected to 25 °C using a temperature coefficient 
of 2.3% per °C (TALLING & TALLING 1965). A portable 
digital pH meter model CG 818 (Schott Ger~ite, Ger- 
many) was used to measure pH. 
Alkalinity (bicarbonate + carbonate) was determined 
by titrating to pH 4.5 with standard acid within 
less than 8-10 h of sample collection. Ammonia- 
nitrogen (NH 3 + NH4 +- N) was determined by the 
phenol-hypochlorite m thod after CHANEY & MAR- 
BACH (1962). Nitrate-nitrogen plus nitrite-nitrogen 
(NO 3- + NO 2- - N) was measured as nitrite by the cad- 
mium reduction method (GOLTERMAN et al. 1978). Solu- 
ble reactive phosphorus (SRP) was determined by the 
modified method of MURPHY & RILEY (1962) as out- 
lined by MACKERETH et al. (1978). Silica (SiO2) was de- 
termined as its molybdate complex as outlined by WET- 
ZEL & LIKENS (1979). 
Calcium, magnesium, potassium, and sodium were 
determined by the atomic absorption spectrophotometric 
method. Chloride was determined by the mercuric ni- 
trate-nitrogen titrimetric method, and sulfate was deter- 
mined by the barium sulfate turbidimetric orgravimetric 
method epending on the concentrations i  the samples 
(APHA, AWWA & WPCA 1986). 
Chlorophyll-a concentrations of phytoplankton was 
determined spectrophotometrically after filtering 
200-250 ml of water samples through Whatman GF/C 
glass-fiber filters and extracting the filters in cold 90% 
methanol vernight in the dark. The abbreviated formula 
of TALLING & DRIVER (1963) was used to calculate the 
concentration f chlorophyll-a. No correction was made 
for degradation products. 
Rainfall data were obtained from three nearest meteo- 
rological stations to each of the lakes. For Lakes Abaya 
and Chamo data were obtained from the state farms of 
southern Omo (Arbaminch), for Lake Awassa from 
Awassa Institute of Agricultural Research, and for the 
rest of the lakes from Adamitulu Research Center. A 
"wet" (rainy) month and "dry" month was distinguished 
according to GAMACHU (1977) and references cited 
therein. A "rainfall coefficient" for each month was cal- 
culated for each of the three lake regions. Rainfall coef- 
ficient is the ratio between the monthly rainfall and one- 
twelfth of the annual rainfall (the latter is called the 
"rainfall module"). A month is designated "rainy" when 
the monthly rainfall coefficient is greater than or equal 
to 0.6 (60% of the rainfall module). 
average amount of rain in most of the dry seasons for all 
lakes was always less than 40% of that in the wet sea- 
sons, there were a few dry season months when rainfall 
was as high as 59% of the wet season's rainfall. Howev- 
er, typically the dry seasons had only 10 to 15 % of the 
rainfall in the wet seasons. Rainfall data obtained uring 
this study period show that rainfall patterns were not the 
same from year to year and a month designated aswet in 
one year could be a dry month in another year. For ex- 
ample, according to the data from Adamitulu Research 
Center, July and August were the only months that could 
be classified as "wet" 100% of the time, and December 
was the only month that was classified as "dry" all the 
times during the study period. November and January, 
which are considered tobe dry, were wet months 10% of 
the time. 
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Results 
Rainfall regime 
In each region the dry seasons always had less than 40% 
of the rainfall in the wet seasons (Fig. 2). Although the 
Fig. 2. Rainfall pattern in the Ethiopian rift-valley lakes region dur- 
ing the wet and dry seasons of 1989-2000. Note that data were ob- 
tained from meteorological stations in Arbaminch for Lakes Abaya 
and Chamo, from Awassa for Lake Awassa, and from Adamitulu for 
the rest of the lakes. 
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Major nutrients, pH and chlorophyll-a 
Mean concentrations of almost all nutrients increased 
during the wet seasons in Lakes Abijata, Awassa, Zwai, 
and Shalla, except hat concentrations of ammonia-ni- 
trogen in Abijata and silicate in Shalla decreased. In
Lake Shalla ammonia-nitrogen a d nitrate-nitrogen 
were not detected uring the dry seasons (Table 2). On 
the other hand, in Lake Chamo mean concentrations of 
all nutrients except silicate were higher during the dry 
seasons. In both Lakes Shalla and Chamo silicate con- 
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centrations were relatively lower during the seasons 
when nitrate and phosphate were higher. The changes in 
Lakes Abaya and Langano were variable. In these two 
lakes, concentrations of soluble reactive phosphorus 
(SRP) and ammonia-nitrogen were higher during the dry 
seasons. Seasonal differences inpH were not conspicu- 
ous, and slightly higher values were associated with wet 
seasons in five out of the seven lakes. Chlorophyll-a 
concentrations were higher during the dry seasons in all 
the lakes except in Lakes Abijata, Awassa, and Zwai 
(Fig. 3). 
Table 2. Mean concentrations and ranges (in parentheses) of major plant nutrients and pH in seven Ethiopian rift-valley lakes during the dry 
and wet seasons of 1990-2000. Data are not available for the reservoir Lake Koka. All concentrations are given in pg 1-1, except SiO2 which is 
given in mg I ~, (N = Number of samples; N.D. = Not Detected). 
Lake Season N SiO2 SRP NO3-+NO2-- N NH3+NH4+- N pH 
Abaya Dry 11 18.0 187.9 47 32.3 8.96 
(9-27) (139-284) (19-81.9) (0-70) (8.7-9.3) 
Wet 10 22.8 I20.8 128.5 23.6 8,67 
(17-29) (77.2- 147) (5-180) (7.5-50) (7.85-9.0) 
Abijata 
Awassa 
Chamo 
Langano 
Shalla 
Zwai 
Dry 11 65.9 180.5 1.8 78 9.91 
(36-106) (24-576) (0 - 5.2) (0-234) (9.70-10.05) 
Wet 12 81.4 1009.4 9.5 36 9,93 
(53-122) (115-2790) (2.8-16.2) (0-95) (9.50-10.3) 
Dry 12 36.1 14.2 7.3 29.5 8.79 
(19-61) (0-59) (0.75-13.9) (0-75) (8.31-9.00) 
Wet 14 40.1 18.8 20.6 179.2 8.87 
(32-65) (1.5-35) (0-58.3) (3-1328) (8,7-9.1) 
Dry 11 1.3 39.2 54.4 21.4 9.22 
(0-3.3) (11- 82) (5-165) (6.2-35) (9.05-9.6) 
Wet 11 1.7 14.8 27.3 20.9 9.12 
(0.35-4) (6.4 - 25) (5-60) (3-47) (8.60-9.5) 
Dry 7 24.5 22.1 31.6 11.4 8.91 
(17-32) (5.40-45) (13.5-67) (6-16.8) (8.50-9.1) 
Wet 6 30.7 16.4 64.8 8.5 9.13 
(28-34) (11 - 20) (5.3 - 132) (0-15.5) (8.95-9.50) 
Dry 6 53.5 276 N.D. N.D, 9.67 
(1,2-103) (82-618) (9.40-9.80) 
Wet 6 45.6 951.7 1.7 9.3 9.76 
(1.74-63) (52-2178) (0-9.65) (0-28) (9.4-10.2) 
Dry 6 19.0 9.8 10.6 48.5 8.55 
(13.4-31) (3-18) (3-23) (32-65) (8.13-8.80) 
Wet 7 22.9 59.1 13.6 297 8.59 
(14.7-37.5) (2.5-220) (3.9-29.9) (9-585) (7.30-9.30) 
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Major ions and conductivity 
Concentrations of total cations and total anions were 
higher during the dry seasons than wet seasons in all of 
the Ethiopian rift-valley lakes except in Lake Abijata 
and Koka Reservoir, and measurements of conductivity 
followed a similar trend in most lakes. Nevertheless, 
there were disparities between ionic concentration and 
conductivity measurements in Lakes Zwai and Shalla 
(Table 3). Although the changes in concentrations of in- 
dividual ions were variable, Ca 2+ concentrations were 
consistently higher during the dry seasons in all the lakes 
except in Lake Chamo, whereas concentrations of K ÷ 
and SO42- were notably higher during the wet seasons in 
all the lakes except in Lakes Langano and Koka, respec- 
tively. 
Discussion 
Rainfall regime 
The large differences in the amount of rainfall were use- 
ful in classifying amonth as "dry" or "wet". Such varia- 
tions in rainfall could have direct effects on lakes as 
they have been shown to be responsible for within-year 
variations of water level and associated change in salin- 
ity in a number of lakes, and alteration in phytoplankton 
and other communities can occur (TALLING & 
LEMOALLE 1998). Therefore, an ideal situation was cre- 
ated in this study to look at the effects of the rains (wet 
seasons) on the ecology of the Ethiopian rift-valley 
lakes. On the other hand, classification of the months 
into dry and wet seasons based on the conventional sea- 
sonal classification did not always agree with the rain- 
fall data obtained during this study. For most of the 
Ethiopian rift-valley it is assumed that March to Octo- 
ber is wet season and November to February is dry sea- 
son (GAMACHU 1977). This trend is slightly different for 
the southern most lakes (Lakes Abaya and Chamo), 
where seasons are shifted. Given the present unpre- 
dictable rainfall pattern in Ethiopia, it is no longer pos- 
sible to take for granted that a certain month is always 
wet or dry based on general classification. It is, there- 
fore, essential for ecological studies to obtain actual 
rainfall data of each sampling month as was done in this 
study. 
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Major nutrients, pH and chlorophyll-a 
The higher levels of nutrients during the wet seasons in 
most lakes are presumably the result of mixing events 
that redistribute nutrients to the surface water, and inputs 
from runoff. Especially that silicate and nitrate-nitrogen 
concentrations were consistently higher during the wet 
seasons could be due to input from the drainage basin. 
Higher nutrient concentrations during rainy season 
could also reflect hat phytoplankton is light-limited ue 
to mixing and cloud cover, and less capable of assimilat- 
ing nutrients. Morphological differences among the 
lakes and/or high nutrient load in their inflows may have 
contributed to the seasonal differences. Biogenic and 
abiogenic transformations in the lakes, and nutrients 
from atmospheric precipitation, are also very likely to 
bring about some of the changes (TALHNG & LEMOALLE 
1998). 
It may be important to mention that the silicate con- 
centration is notably low in Lake Chamo where concen- 
trations of less than 1 mg 1-1 were recorded. This indi- 
cates the possibility of silicate limitation (at least period- 
ically) in phytoplankton growth in this shallow produc- 
tive lake where diatoms are one of the dominant phyto- 
plankton components (KEBEDE et al. 1994; KEBEDE & 
WlI.LEN 1998). That nitrate- and ammonia-nitrogen were 
not detected in Lake Shalla is an indication that phyto- 
plankton in this lake could be nitrogen limited, and this is 
consistent with earlier findings of KEBEDE et al. (1994). 
On the other hand, the fact that silicate concentrations in 
Lakes Chamo and Shalla were relatively lower during 
the dry seasons when concentrations of nitrate and phos- 
phate were higher could be due to the fact that loading of 
nitrate and phosphate depletes silicate (WETZEL 2001). 
While a generalization concerning why some lakes 
increased in chlorophyll-a during the rainy season and 
some decreased requires further study, I propose that the 
low chlorophyll-a concentrations in dry and wet seasons 
reflect nutrient and light limitation, respectively. Lakes 
that responded to rainy season with higher chlorophyll-a 
(Zwai, Abijata, and Awassa) are presumably those that 
are nutrient-limited during the dry season. According to 
KEBEDE et al. (1994) the chlorophyll-a nd total phos- 
phorus relationships in Lakes Zwai, Awassa and Chamo 
indicated that these lakes were phosphorus limited while 
others had surplus phosphorus. It is worth noting that 
these three lakes, and Lake Abijata, are among the most 
productive of the Ethiopian rift-valley lakes. Similar re- 
sults were obtained in year-round seasonal studies made 
in these three lakes (WODAJO 1982; KEBEDE 1987; 
TILAHUN 1988; ZINABtJ & TAYLOR 1989). Mixing of the 
water bodies (that results from cooling and winds asso- 
ciated with the rains), which releases nutrients into the 
euphotic zone, could be among the factors that regulate 
chlorophyll-a levels (ZINABU & TAYLOR 1989). 
The reasons why chlorophyll-a levels in the rest of 
the Ethiopian rift-valley lakes were higher during the 
dry seasons are unclear, but I suggest that these lakes 
have a greater tendency to light limitation. Lakes Abaya 
and Langano and Koka Reservoir are turbid (discolored) 
from the high silt colloid they contain, and are thus less 
productive than the other Ethiopian rift-valley lakes. 
Lake Shalla, the deepest lake in North Africa (max. 
depth -- 266 m), is an unproductive lake with high phos- 
phate concentrations (mean SRP concentrations ranging 
from 276 to 952 ~g 1-1). These lakes could be more light- 
limited during rainy seasons presumably due to their un- 
favorably low euphotic depth to mixed depth relation- 
ship. However, Lake Chamo is neither a deep lake nor is 
its water particularly turbid (BELAY & WOOD 1982). 
Therefore, the changes in the chlorophyll-a concentra- 
tions of this lake may be dictated by other factors. In 
some of these lakes it is possible that there could be a lag 
between the time of the highest nutrient concentrations 
and the increase in chlorophyll-a s response to the rise 
in nutrient concentrations. 
Major ions and conductivity 
Conductivity measurements of the lakes were expected to 
be lower during the wet seasons due to dilution from pre- 
cipitation and less evaporation during the mostly cooler 
days. However, except for the southernmost lakes (Abaya 
and Chamo), the mean conductivity values were higher 
during the wet seasons in all the Ethiopian rift-valley 
lakes. On the other hand, the ranges of the conductivity 
values during the wet and dry seasons how that in some 
of these lakes (e.g., Awassa and Langano) the highest 
conductivity values were measured uring the dry sea- 
sons. Since conductivity measurements were taken much 
more frequently than ionic concentrations, intermittent 
rains during the dry seasons could have contributed tothe 
low conductivity values of the dry seasons in some of the 
lakes. It is also possible that conductivity is lower early in 
the dry season than early in the wet season, which means 
conductivity lags behind rainfall, so that the high conduc- 
tivity associated with dry season develops lowly, and 
may even persist into the start of the rainy season. More- 
over, except in Lakes Abijata and Koka, the higher con- 
ductivity measurements during the wet seasons were not 
related to the total ionic concentrations. Such irregular e- 
lationships between conductivity measurements and total 
ionic concentrations were also observed in studies made 
in Lakes Awassa (KIFLE & BELAY 1990), Zwai (TILAHUN 
1988), andAbijata nd Langano (WODAJO 1982). Sources 
of such irregularities, besides human error, could be dif- 
ferences that might arise from the fact that different ions 
could contribute differently to conductivity and the con- 
tribution per unit concentration may change with salinity 
(WOOD & TALLING 1988). The possibility that organic 
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compounds could be contributing to conductivity is 
something that needs further consideration. All these is- 
sues are beyond the scope of this paper. 
It is interesting to note that concentrations of certain 
ions were consistently higher during either the wet or dry 
seasons. For instance, concentrations of K ÷ and SO42- 
were always higher during the wet seasons, and those of 
Ca 2÷ were always higher during the dry seasons. Given 
the fact that SO42- is biologically active and has a high 
redox potential, the scenario depicted here could be due 
to biological activity and/or change in redox potential as 
a result of mixing of the lakes during the wet seasons. 
The fact that rains tend to cause lowering of solute 
concentration i natural waters, especially those of 
short retention time (TALLING & LEMOALLE 1998), ex- 
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plains why concentrations of total ions were lower dur- 
ing the wet seasons in most of the lakes. In cases where 
the opposite had occurred, as in Lake Abijata and Koka 
Reservoir, the inflows must have contributed tothe in- 
creased solute concentrations during the wet seasons. 
Total ion concentrations were determined in samples 
taken from the inflows of some of the lakes at the end 
of the dry season (January/February) and during the 
onset of the heavy rains (July/August) of the year 2000. 
The concentrations of total ions measured uring the 
beginning of the heavy rains were much higher than 
those at the end of the dry season in the River Horaccel- 
lo, one of the inflows of Lake Abijata. The difference in 
cation concentrations between the two sampling peri- 
ods was nearly five fold (Fig. 4A), and the conductivity 
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1 Fig. 4. Concentrations (meq k ) of total cations (A) and measurements (mS cm ~) of conductivity (B) in some inflows of the Ethiopian rift-val- 
ley lakes at the end of the dry season (January/February) and at the onset of the heavy rains (July/August) of the year 2000. The lakes into which 
the rivers flow are shown in parentheses. 
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measurement showed similar esults (Fig. 4B). Since 
the River Horaccello riginates from Lake Langano, a
less saline lake, the high concentration f the solutes in 
this river is likely to be due to the new water, from the 
heavy rains, that displaced solutes from accumulations 
in soils in the drainage system. It is possible that con- 
centrations of solutes in this inflow could start out high 
as accumulated salts are dissolved from soils, and de- 
cline during the rainy season. Such a follow-up study 
has not been made and conclusions are difficult at this 
point. 
The foregoing discussion portrays avery significant 
phenomenon given the fact that he salinity of Lake Abi- 
j ata has increased inthe last three decades (KEBEDE et al. 
1994; ZINABU 1998). Lake Abijata is a shallow, saline 
terminal lake whose volume varies considerably with 
climate. Water salinity in this lake is assumed to have in- 
creased ue to high evaporation, diversion of water from 
inflow rivers and other factors related to human activity 
(ZINABU 1998). While these and a number of other fac- 
tors have been assumed to have contributed to the in- 
crease in the salinity of Lake Abijata (Z~NABU & ELIAS 
1989; ZINABU 1998), the possible contribution of the in- 
flows to changing salinity of the lake has never been 
considered. The fact that the catchment through which 
River Horaccello flows is completely deforested and 
heavily grazed could be one of the factors for the high 
solute concentration f the river. The Koka Reservoir 
also had much higher values of total ions and conductiv- 
ity during the wet seasons, presumably from a similar ef- 
fect of its inflows. Although a number of other inflows 
of the Ethiopian rift-valley lakes flow through deforest- 
ed and overgrazed catchments (ZINABU & ELIAS 1989; 
ZINABU 1998), a similar event o that which occurred in 
the River Horaccello was not observed in other ivers, 
presumably due to the different soil types in the drainage 
basins. 
Considering that analytical errors in ion determina- 
tion were more likely than errors in the conductivity 
measurements, one can conclude that the salinity of 
some of the Ethiopian rift-valley lakes (at least hose of 
Lake Abijata and Koka Reservoir) increased uring the 
wet seasons, possibly as a result of inflows that may 
carry high concentrations of solutes due to the rains. 
One other possible xplanation for higher salinity dur- 
ing the wet season could be exchange with sediments 
within the water body especially during frequent mix- 
ing (which mostly occurs during the rainy seasons) in 
the shallow lakes. Although igher mean conductivity 
measurements were observed in Lakes Awassa and 
Langano during the wet seasons, the ranges how that 
there were some higher values recorded uring the dry 
seasons. Therefore, it is not possible to rule out that 
conductivity was higher during the dry seasons in these 
lakes. 
Summary and Conclusions 
Although the seasonal changes in this study could have 
been confounded by inter-annual changes, the study has 
clearly shown that wet and dry seasons affect concentra- 
tions of nutrients and phytoplankton biomass in the 
Ethiopian rift-valley lakes, and probably not in the way 
that one would expect, wet seasons often leading to 
higher values and dry seasons to lower values. It is pos- 
sible that events associated with the wet and dry seasons 
bring about contrasting changes in nutrient levels and 
phytoplankton biomass depending on the physical char- 
acters of the lakes. The possibility of light limitation in 
some of the Ethiopian rift-valley lakes can be implied 
from this study. Vertical re-distribution, associated with 
de-stratification, a d changing phytoplankton uptake are 
likely to affect concentrations of nutrients and major 
ions to some extent. The variable area of catchment that 
each lake drains could be one reason for the unpre- 
dictable changes observed among lakes, especially with 
respect to ionic composition. It is very likely that the 
ionic compositions of these lakes are strongly affected 
by new water input, which depends on hydrology and re- 
tention time of the lakes. The relatively shallow depth 
and terminal position make some of these lakes, like 
Lake Abijata, very susceptible tothe effects of changes 
in water/solute input. The fact that solute concentrations 
of at least one inflow of one of the lakes (Lake Abijata) 
were much higher during the wet seasons than the dry 
seasons, probably due to increased solute concentrations 
from accumulations of salts in soils, reinforces the view 
that catchment management is an important component 
of lake restoration (ZINABU 1998). 
It remains to be seen whether or not these changes in 
the concentrations of solutes, levels of nutrients and 
phytoplankton biomass associated with the dry and wet 
seasons dictate the rates of primary production and dy- 
namics of other organisms including fish. Future studies 
should focus on the importance ofspatial variability and 
of deforested catchments, aswell as the possible ffects 
of thermal stratification  the seasonality in these tropi- 
cal lakes. The contributions from atmospheric precipita- 
tion and thermal springs to changes in the concentrations 
of solutes also deserve attention. 
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